Pará chestnut husk (Bertholletia excelsa) (PCH), an agro-industrial waste largely generated in Brazil, was employed as a low-cost and efficient biosorbent to remove the cationic dyes Crystal Violet (CV) and Methylene Blue (MB) from aqueous media. PCH presented an amorphous structure containing carboxylic acids, esters, ketones and aldehydes on the surface. Non-porous and irregular particles were also observed. For both dyes, the biosorption capacity was favored under acid conditions. Equilibrium was attained within 40 min at 25 C with a PCH dosage of 0.5 g L À1 . The biosorption kinetic curves were satisfactory explained by the pseudo-first-order model. The Freundlich model was best for representing the equilibrium curves. The maximum biosorption capacities were 83.6 and 83.8 mg g À1 for CV and MB, respectively. PCH was efficient for treating a simulated textile effluent containing several dyes and chemicals, achieving a color removal of 90%. In this way, PCH can be considered as an option for treating colored effluents containing textile dyes.
INTRODUCTION
Synthetic dyes are largely employed as coloring agents in the textile, paper, leather, fuel, food, pharmaceutical and other industries (Gupta et al. ) . The majority of synthetic dyes and their degradation products generate environmental concerns, since they are toxic, carcinogenic and recalcitrant molecules (Gupta et al. ) . Dyes can be classified as anionic, cationic or non-ionic (Gupta & Suhas ) . Crystal violet (CV) is a cationic dye used for dyeing cotton, wool and silk (Khan et al. ) . Methylene blue (MB) in turn, is another cationic dye used for dyeing cotton, paper, wool and silk. It is also used in microbiological diagnostics and is a mesoporosity indicator (Abdallah & Taha ) . Nowadays, CV and MB are used as indicators in laboratories and volumetric analysis. Since CV and MB are widely used and can cause environmental problems, these dyes should be carefully removed from aqueous effluents.
There are different operations which are used for the treatment of colored effluents, including oxidation, ion exchange, coagulation/flocculation, adsorption on activated carbon, membrane separation, chemical precipitation, biological, photochemical and electrochemical processes (Gupta & Suhas ) . Adsorption is an accessible and versatile option, but the choice of the adsorbent material can make the process more expensive. Also, most adsorbents cannot be reused or discarded, generating a secondary residue. Alternatively, biosorption, the removal of contaminants from aqueous media by inactive or non-living biomass, has gained attention (Vanni et al. ) . Biosorbents are mainly composed of humic substances, lignin, cellulose, hemicellulose and proteins. These macromolecules contain active sites like hydroxyl, carboxyl and amines, which are able to bind with dyes (Dotto et al. a) . Some examples of biosorbents are sugarcane bagasse, passion fruit wastes, orange peel, pineapple peel (Dotto et Agro-industrial wastes are generated in large volumes, and consequently, their management and disposal are problematic. In this sense, the use of biosorbents based on agro-industrial wastes to remove dyes from aqueous solutions is even more relevant. Pará chestnut (Bertholletia excelsa) is a large tree species from Lecythidaceae family, which is native to the Amazonia region (Brazil). This tree can reach 50 m in height and produces spherical fruits containing 12-25 seeds each (Souza & Menezes ) . Acre, Amazonas and Pará are the most productive states, generating large volumes of chestnut husks (Brito et al. ) . So, alternative uses for chestnut husks are required. Brito et al. () studied the adsorption of MB and indigo carmine on raw Brazil nut shells and found adsorption capacities around 8 mg g À1 . However, work is still necessary to improve these adsorption capacities and verify the performance regarding the treatment of simulated effluents.
This work focused on the evaluation of Pará chestnut husk (Bertholletia excelsa) (PCH) as an alternative biosorbent to remove the cationic dyes CV and MB from aqueous media. PCH was prepared and characterized according to the point of zero charge (pH zpc ), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). The effects of biosorbent dosage and initial pH of the solution on the biosorption were studied. Pseudo-first-order (PFO), pseudosecond-order (PSO) and Elovich models were used to study the biosorption kinetics. The equilibrium isotherms were investigated by the Freundlich, Langmuir, and Sips models. PCH was also tested as a biosorbent to treat colored effluents containing several dyes and chemicals.
MATERIALS AND METHODS

Preparation and characterization of PCH biosorbent
Chestnut husks were obtained from a farm located in Rondônia state, Brazil. Husks were washed several times with distilled water and oven dried at 60 C for 12 hours. Samples were then ground in a knife mill and sieved. Particles smaller than 250 μm were used.
PCH biosorbent was characterized according to the pH zpc , XRD, FT-IR and SEM. The pH zpc was determined using the eleven points experiment (Park & Regalbuto ) . The amorphous/crystalline structure of PCH was determined by XRD (Rigaku, Miniflex 300, Japan) (Saygılı & Güzel ) . FT-IR (Shimadzu, Prestige 21, Japan) was used to identify the functional groups on the PCH surface (Silverstein et al. ) . The textural characteristics of PCH were visualized by SEM (Jeol, JSM-6610LV, Japan) (Goldstein et al. ) .
Cationic dyes
CV and MB were selected as target dyes for this study. CV (color index 42555, molar weight of 407.98 g mol À1 , λ max ¼ 590 nm) and MB (color index 52015, molar weight of 319.80 g mol À1 , λ max ¼ 664 nm) were provided by INLAB (Brazil) with a purity higher than 96%. All dye solutions were prepared with distilled water and the reagents were of analytical grade.
Batch biosorption experiments
CV and MB stock solutions were prepared with distilled water and stored in amber flasks. The biosorption experiments were performed by consecutive dilutions of these solutions. The dye concentration in the liquid phase was measured by spectrophotometry at the maximum wavelength for each dye Brazil) . Experiments were carried out in triplicate using closed vessels, and controls were performed. Biosorption experiments were carried out in batch mode at 200 rpm using a thermostated agitator (Marconi, MA 093, Brazil), and with a fixed volume of solution of 100 mL. After each experiment, the solid-liquid separation was performed by centrifugation (Centribio, 80-2B, Brazil) at 4,000 rpm for 10 min.
Effects of biosorbent dosage and initial pH of the solution on the biosorption were evaluated. Furthermore kinetic and equilibrium curves were constructed. The biosorbent dosage effect was evaluated using 0.5, 0.8, 1.0, 1.5 and 2.0 g L À1 , with initial dye concentration of 100 mg L À1 , pH of 6.5 and temperature of 25 C, during 4 hours of agitation. The pH effect was evaluated at 2, 4, 6.5, 8 and 10, with initial dye concentration of 100 mg L À1 , biosorbent dosage of 0.5 g L À1 and temperature of 25 C, during 1 hour of agitation. Kinetic curves (contact times of 2, 6, 10, 15, 20, 40, 60, 90 and 120 min) were constructed with initial dye concentrations of 100, 200 and 300 mg L À1 , biosorbent dosage of 0.5 g L À1 and temperature of 25 C, using the best pH for each dye. Equilibrium isotherms were obtained at 25, 35, 45 and 55 C, using initial dye concentrations from 50 to 500 mg L À1 , with biosorbent dosage of 0.5 g L À1 and under the best pH above determined.
The dye removal percentage (R, %), mass of dye biosorbed per gram of biosorbent at any time (q t (mg g À1 )) and at equilibrium (q e (mg g À1 )) were calculated as follows:
where, C o , C t , C e (mg L À1 ) are the dye concentrations at t ¼ 0, at any time and at equilibrium, respectively, W (g) is the biosorbent amount and V (L) is the volume of the solution.
Kinetic models
The biosorption kinetics of CV and MB on PCH was evaluated by the PFO (Lagergren ), PSO (Ho & McKay, ) and Elovich models (Zeldowitsch ) . PFO and PSO models are given by:
Solving these equations by variable separation, from t ¼ 0 to t ¼ t and from q t ¼ 0 to q t ¼ q e , and replacing q e for q 1 or q 2 , we have, respectively:
where, k 1 and k 2 are the rate constants of PFO and PSO models, respectively in (min À1 ) and (g mg À1 min À1 ), q 1 and q 2 are the theoretical values for the biosorption capacity (mg g À1 ).
The Elovich model, in turn, is given by:
where, a is the initial velocity due to dq/dt with q t ¼ 0 (mg g À1 min À1 ), b is the desorption constant of the Elovich model (g mg À1 ) and, t is the time (min).
Isotherm models
CV and MB biosorption on PCH was studied using the Langmuir (Langmuir ), Freundlich (Freundlich ) and Sips (Sips ) isotherm models, as demonstrated:
where, q m is the maximum biosorption capacity (mg g À1 ), K L is the Langmuir constant (L mg À1 ), K F is the Freundlich constant (mg g À1 )(mg L À1 ) À1/nF , 1/n F is the heterogeneity factor, q S the maximum biosorption capacity from the Sips model (mg g À1 ), K S the Sips constant (L mg À1 ) and m the Sips exponent. Another important aspect of the Langmuir model is the equilibrium factor, R L :
For R L ¼ 1, the isotherm is linear; 0 < R L < 1 indicates a favorable process and R L ¼ 0 indicates an irreversible process.
Statistical analysis of the fitted models
The parameters in equations 6 to 11 were estimated by nonlinear regression, minimizing the least squares function and using the Quasi-Newton estimation method. Statistic 9.1 software (Statsoft, USA) was used to perform the calculations. The fit quality was measured through the determination coefficient (R 2 ), adjusted determination coefficient (R 2 adj ) and average relative error (ARE) (Dotto et al. ).
Treatment of simulated textile effluent
Aiming to verify the potential of PCH to treat colored effluents in real conditions, a simulated textile effluent from the dyeing step was generated based on Lima et al. () . The characteristics of this effluent are presented in Table 1 . The effluent (100 mL) was treated with 5 g L À1 of PCH at 25 C for 2 hours. The effluents before and after treatment were submitted to a spectroscopic scanning from 300 to 800 nm. The color removal percentage was found by the ratio between the area above of the spectroscopic curves, which were obtained using the tool calculus/integrate in origin 2015 software.
RESULTS AND DISCUSSION
Biosorbent characteristics
PCH biosorbent was characterized according to the pH zpc , XRD, FT-IR and SEM. The pH zpc of the biosorbent was 4.8. This indicates that at pH values lower than 4.8, PCH is positively charged, while at pH values higher than 4.8, the biosorbent is negatively charged.
The XRD pattern of the biosorbent is depicted in Figure 1 . It can be seen that the PCH biosorbent has a completely amorphous structure. This feature is interesting for biosorption since the empty spaces in the disorganized structure can be occupied by the dye molecules.
The FT-IR spectrum of PCH biosorbent is presented in Figure 2 . The main vibrational bands identified were 3,300, 2,800, 1,680, 1,550 and the region 1,300-1,100 cm À1 . The band at 3,300 cm À1 can be attributed to the -OH stretching vibrations of cellulose, lignin or hemicellulose, which are present in the PCH structure. It could also be OH from adsorbed water. The signal at 2,800 cm À1 is related to the C-H links, which are typical of aliphatic compounds and aldehydes. The C ¼ O bond of carboxylic acids, ketones or esters can be related to 1,680 cm À1 . C ¼ C links, which can be related with the lipid fraction of PCH, can be seen in 1,500 cm À1 . The vibrational bands in the region 1,300-1,100 cm À1 are related to the C-O links, which are typical of carbohydrates and phenolic compounds. The FT-IR spectrum revealed that PCH contains several functional groups in the structure, which can be potential biosorption sites for CV and MB dyes. Figure 3 presents the SEM images of the PCH biosorbent. It can be observed in Figure 3 that the PCH sample was composed of irregular particles ranging in size from 20 to 100 μm. The particles presented an irregular and rough surface. Some cavities were also observed. These characteristics are typical for agro-industrial wastes like papaya seeds ( 
Biosorbent dosage effect
The biosorbent dosage effect is presented in Figure 4 . Figure 4 shows that the biosorption capacity of CV and MB on PCH was favored by the biosorbent dosage decrease from 2 to 0.5 g L À1 . The maximum values were around 55 mg g À1 and were attained using 0.5 g L À1 of PCH. This behavior is the result of the aggregation of biosorption sites at higher adsorbent dosages. So, the biosorption sites are not completely used. On the other hand, at low biosorbent dosages, the biosorption sites are effectively occupied. The same trend was found by Meili et al. () in the biosorption of MB on ouricuri fiber. Based on these results, the biosorbent dosage of 0.5 g L À1 was selected for the subsequent studies.
Ph effect
The effect of initial pH on the biosorption of CV and MB dyes by PCH was evaluated with C o ¼ 100 mg L À1 , T ¼ 25 C, t ¼ 1 hour, V ¼ 100 mL, biosorbent dosage ¼ 0.5 g L À1 and stirring rate ¼ 200 rpm. The results are depicted in Figure 5 .
For both dyes, it was found that the pH increase from 2 to 4 caused an increase in biosorption capacity, with the maximum values obtained at pH 4. A new increase from 4 to 10 provoked a decrease in biosorption capacity. This behavior is uncommon for cationic dyes, but has already been reported in the literature. Guler et al. () also found higher values of biosorption capacity under acid conditions, in the CV biosorption of algae. From 2 to 4, we can infer that at low pH values, there is competition between the H þ ions and the positively charged dyes MB and CV for the negatively charged biosorption sites (pH zpc ¼ 4.8), leading to lower biosorption capacities. This competition decreases when the pH increases, and consequently higher biosorption capacities are obtained. The biosorption capacity decrease from pH 4 to 10 can be explained as follows: under basic conditions, the lignocellulosic fibers (mainly cellulose and hemicellulose) of PCH can be hydrolyzed, and a fraction of the biosorbent is solubilized. Evidently, this leads to a decrease in biosorption sites. In order to prove this statement, 1 g of biosorbent was added to 100 mL of acid (HCl) and alkaline (NaOH) solutions, and stirred for 1 hour, after which the solutions were left for 40 min. Under acid conditions, 0.98 g of PCH remained solid, demonstrating that the biosorbent is stable at low pH values. However, in alkaline conditions, PCH dissolved and color was released into the solution. In this case, only 0.07 g remained in the solid state. Based on these results, a pH of 4.0 was selected for the subsequent studies of CV and MB biosorption on PCH. It should be highlighted that the biosorbent proposed in this work (PCH) can only be used in acid media, since this material is solubilized at pH values higher than 7.0. 
Biosorption kinetic curves
The biosorption kinetic results are depicted in Figure 6 . For CV dye, an initial fast step occurred for the first 20 min. From 20 to 40 min a lower biosorption rate was observed and finally, equilibrium was reached at 40 min. A similar profile was found for MB, but the initial fast step occurred in the first 10 min and the lower biosorption rate was observed from 10 to 40 min. This is a typical kinetic profile, and occurs because in the earlier stages, the biosorption sites are empty, and during the process these sites are progressively occupied. Also, it can be seen in Figure 6 that the biosorption capacity increased with the initial dye concentration. This occurred because at higher concentrations, more biosorption sites can be occupied, since the process is near to saturation. PFO, PSO and Elovich models were used to represent the kinetic curves. The results are presented in Tables 2 (for CV) and 3 (for MB).
It can be stated that the PFO was better for representing the biosorption of CV and MB on PCH. The R 2 values obtained from this model were superior in relation to PSO and Elovich. Furthermore, the AREs were lower for the PFO model. This behavior confirms that the biosorption of CV and MB were fast processes, since the PFO model is mainly suitable for short times (Crini & Badot ) . The q 1 parameter increased with the initial concentration, reaching maximum values of 83.6 and 83.8 mg g À1 for CV and MB, respectively, using 300 mg L À1 . In addition, the q 1 parameter was in good agreement with the experimental values (q e (exp)), corroborating the appropriateness of the PFO model for these data. The k 1 parameter ranged from 0.051 to 0.057 for CV, and from 0.062 to 0.072 for MB. The higher k 1 values for MB indicated a faster kinetic for this dye.
Biosorption isotherms
Biosorption equilibrium isotherms are presented in Figure 7 . It can be seen that the isotherms were convex, with an inclined portion at lower concentrations, tending to a plateau at higher concentrations. Saturation was not observed in this range of concentrations. We can conclude that PCH possesses several available sites for CV and MB dye. For CV dye, the biosorption was not temperature dependent. However for MB, the temperature increase from 25 C to 35 C favored the biosorption process. New increases to 45 C and 55 C had no effect.
To better understand the biosorption equilibrium, Langmuir, Freundlich and Sips isotherm models were fitted to the experimental data. The results are presented in Tables 4 and 5 . Based on the values of R 2 , R 2 adj and ARE presented in Tables 4 and 5, it can be stated that the Freundlich model was better for representing the biosorption of CV and MB onto PCH. The Freundlich constant values presented in Table 4 were equal, independent of the temperature. This confirms that the CV biosorption on PCH was not temperature dependent. On the other hand, for MB (Table 5) , the K F value increased from 14.7 to 19.4 with the temperature increase, suggesting that biosorption of MB was favored at 35- 55 C. The potential of PCH to remove CV and MB from aqueous solutions was compared with other materials, as presented in Table 6 . The results revealed that PCH can be an option for removing these dyes from aqueous solutions, since the biosorption capacities are within the range in the literature.
Potential of PCH to treat textile effluents
The potential of PCH to treat a simulated textile effluent from the dyeing step was verified. The characteristics of this effluent are presented in Table 1 . The effluent (100 mL) was treated by 5 g L À1 of PCH at 25 C for 2 hours. The results were quantified in terms of color removal. The visible spectra of the effluent before and after the treatment are shown in Figure 8 . The areas under the curves were, respectively, 509.05 and 50.905 for the effluents before and after the treatment. This corresponds to 90% color removal. In this sense, we can conclude that PCH has potential to treat a simulated textile effluent from the dyeing step, which contains several dyes and chemicals.
CONCLUSION
The potential of PCH as an alternative biosorbent to remove CV and MB dyes from aqueous effluents was investigated in this research. PCH presented an amorphous structure with some important functional groups, which were able to take up CV and MB. The biosorption capacities of CV and MB were favored using 0.5 g L À1 of PCH at pH 4.0. PCH has the potential to be applied only in acid conditions, since dissolution occurs at high pH values. The PSO model was suitable for representing the biosorption kinetics, since the processes were fast, attaining the equilibrium within 40 min. The equilibrium isotherms were well represented by the Freundlich model. The maximum biosorption capacities were 83.6 and 83.8 mg g À1 for CV and MB, respectively. In the treatment of a textile effluent containing several dyes and chemicals, 5 g L À1 of PCH provided a color removal of 90%. Thus, PCH can be considered an alternative material to treat textile effluents.
